We proposed a design method of a flying head slider that can suppress the bouncing vibration in a near-contact regime, based on parametric study using an improved slider and contact models. At first, we numerically calculated the characteristics of contact force and adhesive force between air bearing pad and disk surface under the current small roughness conditions and found that the contact characteristics can be modeled by constant contact stiffness, a constant adhesion force and the separations of beginning and end of contact. Next we numerically computed the slider dynamics of a 2-DOF slider model by using these contact characteristics and nonlinear airbearing stiffness. As a result, we could get the self-excited bouncing vibration whose general characteristics are more similar to the experimented results compared to our previous study. Parametric study shows that the frictional coefficient, attractive force and contact stiffness should be decreased and front and rear air-bearing stiffness and ratio of rear to front airbearing stiffness should be increased in order to realize a stable flying slider in a smallest possible spacing. Moreover, we elucidated the effect of micro-waviness on the self-excited vibration of the slider.
INTRODUCTION
The areal recording density of hard disk drives had been increased steadily with a decrease in flying height, and the recording density of 100 Gbit/in. 2 has been achieved in commercially available hard disk drives at nominal flying height of about 10 nm. However, we are confronted with a critical difficulty because a flying slider tends to exhibit bouncing vibration when the spacing is decreased to several nanometers. We have experimentally studied the touch-down and take-off phenomena and frequency characteristics of the bouncing vibration of a commercially available slider by changing the ambient pressure [1] . At the same time we have numerically investigated characteristics of the slider bouncing vibration based on a slider model with linear air-bearing stiffness and contact characteristics presented by Iida and Ono [2] , and obtained the calculated results compatible with actual bouncing vibration in terms of touch-down and take-off hysteresis and frequency characteristics. As a succeeding paper on the experimental and theoretical study, this paper presents a more detailed analysis of the self-excited bouncing vibration of a flying slider in a near-contact regime by considering nonlinear air-bearing force and interfacial force relevant to the current head to disk interface conditions. Design methodology to reduce take-off height of a flying slider in a near-contact regime is proposed by parametric study of the take-off height.
ANALYSIS OF THE CONTACT CHARACTERISTICS
In the previous analysis of bouncing vibration we used the contact characteristics between a slider pad and disk surface with a relatively large surface roughness. Recently disk surfaces have become very smooth in order to increase areal recording density. Thus we first clarified the contact characteristics when the rms value of the asperity peak height is small and the asperity density is large as in the cases of today's magnetic disk.
Figures 1 (a) and (b) respectively show the external force F c and contact stiffness k cr of the slider pad as a function of separation from the average height of the disk surface for two different rms (σ) values of 0.5 and 1.0 nm. Rigid line stands for the present model in which the external force was numerically calculated for the computer generated Gaussian asperities considering bulk deformation and meniscus force [2] . Dashed line shows the external force and contact stiffness for numerically calculated GW model without bulk deformation and with meniscus force. The contact pad area S is 20 x 20 µm 2 , asperity density ρ is 30 /µm 2 , asperity radius of curvature R is 2 µm and lubricant thickness h l is 1 nm. In the calculation, the separation d between contact pad and disk surface is decreased from 5 nm to -5 nm, and then, increased to 5 nm by 0.1 nm. The external force F c is the sum of contact force F cr and attractive force F m . The contact stiffness k cr is a differentiation value of F cr . When σ = 1.0 nm in Fig 1 (ii) , we note that the difference between present model and GW model is small for a range of d larger than 2 nm. This is because the asperity deformation is more predominant than bulk deformation. However, when d < 2 nm, there is a big difference between present model and GW model because the bulk deformation Frequency spectrum. 
2-DOF ANALYSIS OF BOUNCING CHARACTERISTICS OF A FLYING SLIDER
Using the contact characteristics derived above, we numerically investigated the bouncing vibration of 2-DOF slider model shown in Fig. 2 . In this model, we assumed the air-bearing stiffness k r and k f is inverse by proportional to the second power of the spacing z r and z f ; k r = k r0 ×z ro 2 /z r 2 , where k r0 is the air-bearing stiffness at nominal flying height z r0 . We ascertained that this equation can fit well to the air bearing stiffness calculated from molecular gas film Reynolds equation, particularly in the rear air bearing pad. Fig. 3(a) , the black and red lines are the displacements at the trailing edge and center of mass, respectively. In Fig. 3 (a) , we observe a phase delay between displacements of trailing edge and center of mass.
From the parametric study, we found that in order to decrease the takeoff height above which a slider can fly stably without bouncing vibration, the attractive force and frictional coefficient should be decreased, both the front and rear airbearing stiffness should be increased, the ratio of rear to front stiffness should be increased, and the contact stiffness should be decreased.
In addition, we examined the effect of the micro-waviness on the hysteresis phenomena of the slider bouncing vibration by using 2-DOF slider model in Fig. 2 . As a result, we found that the self-excited bouncing vibration of the slider can be suppressed when the magnitude of micro-waviness of the disk surface increases to some extent. However, instead of the bouncing vibration, the higher pitch mode vibration of the slider is so excited by the micro-waviness that the slider intermittently contacts with disk surface even at a large FH. Thus we cannot use the suppression effect of the microwaviness for stabilizing the bouncing vibration.
